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ABSTRACT
DRY MAGNETIC ASSISTED IMPACTION MIXING OF SUB-MICRON
BORON AND BARIUM CHROMATE FOR A TIME DELAY
COMPOSITION
by
Ryan Barrow

The objective of this investigation is to improve the mixture homogeneity of, Boron
and Barium Chromate, a delay composition called T-10, using a novel dry mixing
technique, called the Magnetic Assisted Impaction Mixing (MAIM). Two additional
mixing methods, ultra-sonic mixing and shaker mixing (dry and wet), were used for
comparative analysis, to evaluate the mixing effectiveness of the MAIM which was
also compared to two Navy mixed T-10 samples. Characterization of the homogeneity
is described by how well boron is effectively distributed throughout the mixture, which
is a challenging task since the mixture's composition is 3% Boron versus 97% of
Barium Chromate by weight, because boron has a low energy signature in energy
dispersive x-ray (EDX) analysis. Qualitative mixing characterization was done using
Field Emission-Scanning Electron Microscope (FESEM) with an ESB detector which
provides higher Z contrast at extremely low accelerating voltage, resulting in higher
spatial resolution and other systems such as Particle Size Analyzer (LS-230). The
results indicate that the new MAIM techniques produces a mixture with a significantly
improved homogeneity and a narrow particle size distribution due to its ability to break
down large powder aggregates at a fraction of the time compared to the current Navy
wet mixing processes, eliminates downstream processing associated with drying, and
shows improved performance in majority of combustion propagation burn tests.
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CHAPTER 1

OVERVIEW

Mixing is an essential operation in industries involving powders and bulk solids.
Williams [1] notes, that despite mixing of solid particulates is one of the oldest
industrial processes it is also the not well understood, and it is Sommer [2] who points
out that this lack of understanding is because the mechanism involved are not really
understood. There are many forms of literature regarding mixing, but the majority of
the existing material pertains to large (generally larger than 50 μm) free flowing
particles and not sub-micron particles. This is most probably due to the fact that
traditional powder technology applications do not primarily incorporate submicron
powders and that there are significant technological barriers for dry mixing of such
sub-micron particles.
Much of the literature regarding mixing characterization primarily focus on
statistics of mixedness, subsequently sampling size becomes a critical factor, since
most indices of mixedness are based on sample variances measurement. Ideally, a
homogeneous mixture the mixture contains the same proportion of the constituents
throughout the mixture. Figure 1 is an illustration of an ideal homogeneous mixture
and a random mixture from Chien & Chau [3]. Attaining such a homogeneous state
is improbable and for most practical purposes, unnecessary, but as the need for better
quality random mixtures becomes more demanding, having definitive
characterization of these systems are not only helpful but becomes a necessity.

1

2

(a)

(b)
Figure 1.1 Schematic drawings of powder-mixing patterns: (a) the perfect powder
mixture; (b) imperfect powder mixture. The red block denotes the unpaired particles
(taken form [3]).

3

Evaluation of the quality of the mixture relates to the scale of scrutiny ( size and
location of mixture area being investigated) and is thus relative [4]. There are many
theories and measuring techniques concerning mixture homogeneity, but they are by
and large based on free-flowing, cohesionless powders.
In every mixing classification, the mixing performance undoubtedly depends
upon the level of homogeneity necessary to be achieved in the mixing process and the
type of materials to be mixed. Mixtures can be classified in one of two major groups:
1. Mixtures containing free flowing particles - where free flowing mixture generally
allows individual particulates to move independently. 2. Mixtures with
cohesive/Interactive constituents - where a cohesive mixture in general has inter
particulate bonding mechanism, thereby causing the particulates to form and move as
agglomerates [4]. The bonding mechanisms can be attributed to van der Waals
forces, electrical double layers, surface tension due to free interstitial liquid, plastic
deformation of particle due to stress causing amalgamation of particles [5]. The T-10
mixture falls in the cohesive powder category, which creates the necessity for a
mixing mechanism that also facilitates de-agglomeration of these cohesive
particulates.
Dry powder mixing is a preferred compared to solvent-mixing processes
simply because it eliminates the production of by-products. However, dry mixing is
not always viable, particularly for very fine powders. Consequently, it is crucial that
the stresses generated from the mixing process are larger than the cohesive and
adhesive forces between particles. These cohesive and adhesive forces are a result of
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the molecular forces, and their relevance, as shown in the relation below, decrease
with increasing particle size [6].

where R1 and R2 are the radii of the two particles, D is the distance between the
particles, and A is Hamaker constant. For most material the Hamaker constant is
around 10-19 J, and varies only slightly for different materials.

From the above relations, it can be shown that for particles with diameters >101.1m the
inter-particle forces are negligible compared to the particle weight and their role in
mixing can be neglected. Thus an adequate mixing mechanism would only need to
have the necessary shear and compressive stresses to overcome these adhesive and
cohesive forces. Such mixing can be accomplished simply by agitating the powder,
but the mixing efficiency is questionable [7, 8, 9]. For particles with diameters
<μm, an understanding of the macroscopic motion and forces alone is insufficient to
accurately determine whether mixing will occur at scales comparable to the diameter
[10, 11].
Cohesive force implies low mobility and high level of agglomeration of
individual particles. Conventionally, to alleviate the low mobility issue, solvent based
mixing (wet mixing), is often used. However, in a wet process, size and density
based segregation is likely and ultimately degrades the mixedness of the mixed during
drying, a downstream process of the wet mixture. In a dry state, particle to particle
mobility is low but problem of segregation, which typically exists in the downstream
process of wet mixing, is eliminated. To achieve uniform mixing in a dry mixing

5

process, a high energy mixing mechanism is required in order to overcome the low
mobility of particles and agglomerates.
Conventional industrial mixing equipment utilizes four major mixing devices;
these are: tumbler, convective, hopper and fluidized mixers [12]. However, these do
not offer particularly good de-agglomeration of particles with a mean particle size of
several microns because the stresses are relieved through the slip planes. These slip
planes are responsible for the entire powder volume not experiencing stresses that are
large enough to break the aggregates. Most powder mixing processes which require a
high level of mixing incorporate a solvent to promote dispersion between the particles
and minimizing agglomerate formation, there by fostering a better mixing
environment, particularly in cohesive systems. The magnets are subjected to an
oscillating magnetic field, which causes them to spin. These spinning magnetic
particles randomly collide with the powder constituent's particles and themselves.
The magnitude of stresses generated by the spinning magnets can be
increased/decreased to suitably break-up the aggregates by regulating the intensity of
the applied magnetic field and the strength of magnetic particles. A characteristic of
this mixing process, is that it eliminates the formation of slip planes, as the force field
varies at the sub-micron length scales

•

CHAPTER 2
EVALUATION OF BORON AND BARIUM CHROMATE

2.1 Boron Analysis
Both boron and barium chromate were received from the Navy at Indian Head in lots.
An analysis of the boron and barium chromate was conduct to establish the initial
conditions for both powders using field emission scanning electron microscope and a
particle size analyzer (LS230).
Figure 2.3 is a particle size distribution plot of boron. The distribution range
of the boron is 0.2-80 f!m. Figures 2.1 and 2.2 illustrates' the size disparity of this
di stribution, where agglomerates are both different both in size and shape.

Figure 2.1 SEM Image of Amorphous Boron,1 kx magnification.
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Figure 2.2 SEM Image of Amorphous Boron, 20 kx magnification.
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2.2 Barium Chromate Analysis

Unlike the boron, barium chromate' s size distribution range is not as wide as Figure
2.6 shows the range to be 0.5-20

~lm.

In Figure 2.4, we see some relative si ze

uniformity between the barium chromate agglomerates compared to that of the boron,
but there sti ll is a si ze difference between the agglomerates and the primary particles
of barium chromate as seen in Figure 2.5.

Figure 2.4 SEM Image of Barium Chromate, I kx magnification.
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Figure 2.5 SEM Image of Barium Chromate, 20 kx magnification.
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CHAPTER 3
MIXING PROCEDURES
3.1 General Description
This study will use three mixing mechanisms; Magnetic Assisted Impaction Mixing
(MAIM), Shaker and Ultra-Sonic mixing. Each mixing method will have three
prescribed mixing periods; 5, 10 and 20 minutes.
The MAIM mixing consist of two sample sets; sample set A and sample set B,
where A & B denoted magnet size of 430-850 pm and 850-1400 pm, respectively
(see Figure 3.1). Each sample set consist of three samples relating to the three
prescribed mixing times. The shaker mixing consists of two sample sets; a dry (D)
sample set and a wet (W) sample set. The ultrasonic mixing consists of two sample
sets also; a filtered (F) sample set and an unfiltered (UF) sample set. The mixture
composition for all mixtures is 97% BaCrO 4 and 3% B by wt (since boron bulk
powder is much lighter, this corresponds to as much as 15 to 20 % by volume of
boron). For the MAIM a 3:1 magnets to mixture mass ratio was used per sample size
of 5 grams, and all wet mixing methods used 20 ml of alcohol (CH3CH2OH) per 5
gram sample as the mixing standard. The following mixing parameters were same for
each method, vessel size, mixing time and sample size.
3.2 Magnetic Assisted Impaction Mixing (MAIM)
Figure 3.2 is a schematic of the MAIM apparatus. The system is comprised of a
hollow circular electromagnet powered by AC current coupled with a blower to
prevent the coils from over heating. The mixing vessel is placed inside the hollow
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section of the coils. The vessel contains the mixture component and the mixing
measured mass of magnetic particles. The magnetic particles are made of barium
ferrite and coated with polyurethane to prevent contamination of the powders being
mixed. Once the magnetic field is present, the magnetic particles are agitated and
move furiously inside the vessel chamber, akin to a fluidized bed system. These
agitated magnetic particles then impart energy to the barium chromate and boron
particles, causing collisions and allowing de-agglomeration and mixing to be
achieved by means of crashing the BaCrO 4 particles and the boron particles into each
other.

Figure 3.1 Size A and B barium ferrite magnets coated with polyurethane.
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Figure 3.2 Schematic of magnetic assisted impact mixing device setup.

3.3 Shaker Mixing
The shaker mixing simply involved the powder constituents in a mixing vessel and
mixed simply by shaking/agitating the mixing vessel through. This was achieved by
shaking the vessel by hand back and forth for prescribed mixing times. This process
was subjected to both dry and wet powder mixing; the dry consisted of powder
constituents only, while the wet had the powder constituents mixed with solvent.

3.4 Ultra Sonic Mixing
The ultrasonic mixing utilizes frequency generated acoustic waves as the mixing
mechanism to force an intrinsic mixing of particles via sonic cavitations, but more
important, it offers the capability of de-agglomeration of cohesive particles and works
well in separating the particles bonded together due to the cohesive nature of the
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particles. It should be noted that this level/intensity of sonic cavitations are dependant
upon the level and type of inter-particle bonding. Still, there are some inherent
disadvantages of this ultrasonic mixing process; the use of solvents required drying of
the mixture which makes for a necessary and time consuming downstream process,
the segregation associated with the dry degrades any level of mixing achieved. The
latter is particularly important since the mixture percent composition is 97% Barium
Chromate (BaCrO4), 3% Boron (B), thus uniform distribution of Boron is crucial in
the mixing.
3.5 Combustion Propagation
The combustion propagation burn test was conducted at South Dakota School of
Mines and Technology, where development of other new environmental friendly
delay systems were being investigated. The burn test simulates the T-10 application
and serves to evaluate T-10 burn rate performance relative to the mixing
effectiveness. Aluminum cartridges, cartridge holders, the MK4 ignition squibs, and
the Al A mixture (zirconium-iron oxide mixture) were the materials used to conduct
the burn tests. The T-10 delay composition was pressed into the hollow aluminum
cylinders at 40, 000 psi and then loaded in the cartridge holder (see Figure 3.3) .This
set-up was placed in a specially designed aluminum sample holder below which a
photodiode was placed. Three blocks of aluminum were used to make the body of the
apparatus. A steel cartridge containing the test sample rests in the topmost aluminum
block. The second block has an opening covered by an equally sized piece of glass.
A teflon rod holding the photodiode was inserted into the bottom aluminum block. A
schematic of the experimental setup is show in figure 3.4 (see appendix A for
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procedure).

The system runs on a 25V DC power supply (Regulated DC power

supply, model # DIGl 360) ignited the MK4 squib. Once the squib was ignited, an
instantaneous, stepped down voltage signal was passed on to the Data Acquisition
System (version #5). A photodiode placed at the bottom of the cartridge holder picked
up a signal from the flash of the combustion front upon reaching the bottom of the
cartridge. Figure 3.5 shows a recorded signal plot of the data acquisition system
during a burn test. The blue designates the voltage applied to the ignition signaling
beginning of the combustion while the pink is the photodiode signal registering the
combustion propagation front at the I" mark (end of the test).

DC Power
25V

/ C,'rtrldQe Holder

---+-_"K 4 Ignition Squib
"'t--t-- A-1A mixture
1+-+-- AI"mirlum Cartridge

L

"1--+- I(lnlll,on Delay Mixture

A mixture

Figure 3_3 Schematic of the Boron & BaCr04 (T -10) experimental set-up.
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Figure 3.4 General schematic of data acquisition set-up .
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The combustion propagation measurements in the ignition delay system are
reported as "inverse burn rate" which is the inverse of combustion propagation in
seconds per inch and the temperature in degree Fahrenheit based on Navy's standard
operating procedure.

CHAPTER 4

CHARACTERIZATION TOOLS

Comprehensive characterization of powder composites is a very involved and often
complicated process for particulates less than 10μm in diameter. There are numerous
aspects of a mixing process and its mixed result that can be characterized. Still,
creating a practical characterization procedure which quantitatively describes any
composite's homogeneity is often selective in its application. Through electron
microscopy it is possible to identify key mixture characteristics and investigate
visually the level of mixedness on a micro scale. The Field Emission Scanning
Electron Microscope (FESEM) offers ability to visually evaluate the mixing
effectiveness based on agglomerate size and boron dispersion throughout mixture and
identify the Boron & BaCrO4 morphologies. An additional feature of the FESEM is
the Back Scattering Detector (BSD) and this additional evaluation tool distinguished
between the boron and BaCrO4 particles at high magnification. The BSD identified
both powders through contrasting the two components, such that boron was dark
color and Barium Chromate lighter in color. This clear distinction in the images
taken, made BSD more suitable for evaluating the homogeneity of the mixtures.
Further characterization using elemental analysis will extend and offer great
contribution to the overall characterization of the composite's homogeneity and how
the mixed state relates to product performance. Two types of elemental analyses will
be used;
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Energy Dispersive X-ray analysis and atomic absorption. Energy Dispersive
Xray Spectroscopy (EDX) is a standard chemical analysis procedure for identifying
and quantifying elemental composition of sample areas as small as a few cubic
micrometers and is incorporated in the FESEM. Atomic Absorption Spectroscopy
(AA) uses the absorption of light to measure the concentration of gas-phase atoms.
The analyte atoms or ions must be vaporized in a flame, then absorb ultraviolet or
visible light and make transitions to higher electronic energy levels. The analyte
concentration is determined from the amount of absorption.
The Particle Size Analyzer (LS-230) was used in this study to qualitatively
describe the mixture's homogeneity and the de-agglomeration effectiveness of the
different mixing mechanism, particularly that of MAIM, which is the focus of this
study. The particle size analyzer will provide comparative information between the
different mixing methods as well as the wet and dry mixing processes. The LS-230
sizes virtually any suspension of particles or colloids with a sample particle size
range: 0.04 - 2000 pm.
Performance testing will be conducted for MAIM mixtures through a
combustion propagation bum test which simulates the T-10 mixture application and
environment conditions at three temperatures; 200 ° F, 70° F & -65 ° F. The mixture
performance criterion that must be satisfied is mixture burn rate coefficient of
variation; it must be 5% or less in at all temperature environments. For of the three
temperature tests will consist of a set of ten 1.6 gram samples for a total thirty
samples for the entire burn test.

CHAPTERS

RESULTS AND DISSCUSSIONS

5.1 FESEM Results
5.1.1. Mechanical Shaker Mixing (H-Mix) Method

The results for the dry shaker mixing (H-mix) were not particularly encouraging since
large boron agglomerates were quite prominent. Figures 5.1 and 5.2 are images of a
shaker sample with a mixing time of 5 minutes. Here the boron agglomerates are
quite large and appear to be unaffected by the process such that they are comparable
in size the original boron.

Figure 5.1 FESEM BSD image ofT-IO mixed by dry shaker method (H-mi x), 200 x
magnification (5min).
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Figure 5.2 FESEM BSD image ofT-IO mixed by shaker method (H-mi x), 200 x
magnification (5min).

Figures 5.3 & 5.4 are images of a shaker sample with a mixing time of 10
minutes. The images show some level of de-agglomeration of boron agglomerates,
however there is little sign of effective mixing since there are segmented regions of
boron cl usters throughout mixture 10 minute hand mixture. The 20 minute shaking
(Figures 5.5 and 5.6) mixture has a slightly better mixing result where the boron was
not visibly as segregated as in Figures 5.3 and 5.4, still, boron agglomerates, though
smaller ( approximately 20 microns), are clearly present.
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Figure 5.3 FESEM BSD image of T - J0 mixed by shaker method (H-mix), 200 x
magnification ( JOmin).

Figure 5.4 FESEM BSD image ofT-l 0 mixed by shaker method (H-mix), 200x
magnification (1Omin).
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Figure 5.5 FESEM BSD image ofT-IO mixed by shaker method (H-mix), 200x
magnification (20min).

Figure 5.6 FESEM BSD image ofT-IO mixed by shaker method (H-mix), 200x
magnification (20min).
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Of the three H-mix results, the 20 minute mixture produced the better results
where a reduction in both agglomerate sizes and segregation of born was observed
throughout the mixture. Figure 5.7, shows the size distribution plot of the 20 minute
H-mix where the boron agglomerates range from 10-40 μm; approximately half that
of the received boron.

Figure 5.7 PSD of T-10 mixed by dry shaker method (H-mix), 20 min.

For comparative analysis, a wet H-mix was conducted by adding 20 ml of
alcohol and mixed for 20 minutes for two samples. Additional processing, (drying)
was required which is typical for wet mixing. One sample was dried after mixing
without being filtrated, while the other was dried after being filtrated to separate the
solvent from the mixture (minimizing the segregation affects during drying) to
decrease the drying time. Figures 5.8 and 5.9 (unfiltered) showed that the addition of
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For comparative analysis, an additional ultra sonic mixture (20 minutes) was
prepared, mixed, filtered, dried and evaluated. These results are seen in Figures 5.18
and 5.19 and show no significant change the size distribution but characteristics
compared to the 20 minute unfiltered ultra-sonic mixture that is different is apparent
elimination of boron segregation through filtering. The question as to whether how
much, if any, of the smaller boron particles were lost during the filtration process
comes up as it these smaller particles that tend to segregate. To fully address this
further investigation is required with regards to the filtration process, but that is not
primary focus of this study
Since the 20 minute filtered and unfiltered ultra-sonic mixing practically
shares the same size distribution throughout the mixture, one size distribution plot
will be used to reflect the size characteristics in Figure 5.20. Based on the this plot,
using the wet mixing process in conjunction with ultrasonic bath is neither strong
enough to break the agglomerates of the raw materials nor is it an effective mixing
mechanism, mixture size distribution is much like the original/received boron size
distribution.
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Figure 5.20 PSD plot of T-10 mixed by ultra-sonic mixing method (20min;
unfiltered).
5.1.3. Magnetic Assisted Impaction Mixing

The MAIM process using magnets of size B produced better mixed results than those
from the 20 minute shaker and ultra-sonic method. The MAIM mixtures produced
from the 5, 10 and 20 minute mixing periods, produced progressively improved
mixtures respectively as shown in Figures 5.21-5.26. This impaction process
significantly reduces the agglomerates size and this reduction creates a better mixing
environment - necessary in achieving a high level of homogeneity.
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Figure 5.21 FESEM BSD Image of T-10 mixed by MAIM, 200x magnification
(Smin; size B magnets).

Figure 5.22 FESEM BSD Image of T-10 mixed by MAIM, 200x magnification
(Smin; size B magnets).
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Figure 5.23 FESEM BSD image of T-IO mixed by MAIM, 200x magnification
(IOmin; si ze B magnets).

Figure 5.24 FESEM BSD Image of T-IO mixed by MAIM, 200x magnification
(lOmin; si ze B magnets).
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The improvement in the 10 minute MAIM mixture compared to the 5 minute
MAIM mixture is more significant than the 20 minute MAIM mixture compared to
the 10 minute MAIM mi xture. Intuitively, you would expect the 20 minute MAIM
mixture to show further improvement characteristics throughout the mixture. Instead
we see both mixture sharing simi lar agglomerate size and boron distribution
throughout the mixtures.

Figure 5.25 FESEM BSD image of T-IO mixed by MAIM, 200x magnification
(20min; size B magnets).
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Figure 5.26 FESEM BSD image ofT-IO mixed by MAIM, 200x magnification
(20min; size B magnets).

Figures 5.27-5 .32 shows the results of MAIM using si ze A magnets. Mixing
with the size A magnets (small magnets) had a greater de-agglomeration effect on the
mixture.

In Figures 5.27 and 5.28 the level of de-agglomeration after just five

minutes is quite apparent and is on par with that of the 20 minute MAIM using size B
magnets. As seen with the other 5 minute mixtures, this mixture also has a fair
amount of boron segregation throughout the mixture. Thus like the others 5 minute
mixtures in this study, a mixing time of 5 minutes is also insufficient to achieve
uniform mixing with the MAIM.

38

Figure 5.27 FESEM BSD tmage of T-IO mixed by MAIM, 200x magnification
(5min; size A magnets).

Figure 5.28 FESEM BSD tmage of T- IO mixed by MAIM, 200x magnification
(5min; size A magnets).

•
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Figure 5.29 FESEM BSD image of T-IO mixed by MAIM, 200x magnification
(tOmin; size A magn ets).

The 10 minute MAIM mixture showed smaller agglomerates and some
reduction in segregation.

The improvements primarily were observed in further

reduction were the agglomerate popUlation was reduced by number and size (see
Figure 5.31 and 5.32) compared the 5 minute mixing (Figure 5.27 and 5.28).
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Figure 5.30 FESEM BSD Image of T-IO mixed by MAIM, 200x magnification
(IOmin; size A magnets).
The 20 minute MAIM results show a mixture that has minimal to no large
agglomerates. The size distribution plot in Figure 5.35, show the T-IO powder has a
narrower si ze distribution, 0.1-8).1m, which is significantly lesslbetter than any of the
other mixtures in the study. The higher magnification SEM images, Figure 5.33 and
5.34 give visual indication of the level of mixedness with regards to the boron
distribution and its particle size relative to BaCr04's particle size at the micron scale.
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Figure 5.31 FESEM BSD Image of T-\O mixed by MAIM, 200x magnification
(20min; size A magnets).

Figure 5.32 FESEM BSD image of T-IO mixed by MAIM, 200x magn ification
(20min; size A magnets).

42

Figure 5.33 FESEM BSD image of T-I O mixed by MAIM, 2000x magnification
(20min; size A magnets).

Figure 5.34 FESEM BSD image ofT- IO mixed by MAIM, 2000x magn ification (20
min ; size A magnets).
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Figure 5.35 MAIM (magnet size A) size distribution plot

5.1.4. Characterization Results of Navy Samples

Two T-10 sample batches were received from Navy (Indian Head) and evaluated
using FESEM and PSD analyzer. Figure 5.36 and 5.37 shows the size distribution
plot for both batches: sample 1 (IHM04AT-10-001) and sample 2 (IHM-BD-4-83)
respectively. Sample 1 (IHM04AT-10-001) has a mean size distribution by volume of
approximately 5.6 microns while sample #2 (IHM-BD-4-83) has a mean size
distribution of 2.9 microns. Comparing both plots, sample #2 (IHM-BD-4-83), has
large agglomerates as does sample #1, however, sample #2 has a much lower number
of these large agglomerates compared to sample #1 by volume. This is reflected in the
mean size distribution, for sample #2 (IHM-BD-4-83) being almost half that of
sample #1
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Figure 5.36 particle size distribution plot of received Navy T-10 sample #1, reference
# IHM04AT-10-001.

Figure 5.37 particle size distribution plot of received Navy T-10 Sample #1,
reference # IHM-BD-4-83.
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Figure 5.38 FESEM BSD image of received Navy T-I O sample # I, 200 x
magnificati ons Reference # lliM04AT -1 0-00 I.
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Figure 5.39 FESEM BSD image of received Navy T- IO sample # I, 500 x
magnifi cations reference # lliM04AT -10-00 I.
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Sample # I is classified as a "bad lot" due to inconsistent bum rate
performance and having large agglomerates in excess of 60 flm (see Figures 5.40 and
5.41) is a likely factor. Based on the Navy's report on this sample, and trom our
investigation, there appears to be a correlation between the number/size of
agglomerates and mixture burn rate performance. The Navy sample #2, classified as
good, i.e. consistent burn rate performance, also has large boron agglomerates, but
contains much less in number compared to samp le # 1 by volume. Thus, it is stands to
reason that this correlation between the number/size of agglomerates is plausible

Ma, = 2"" x

10~m

EHT * 1S00kV

f-I-------ll WD'

9 mm

Signal A = RB S D
Photo No.:= 5830

Date :7 Jul2004
Time :, 8:28:45

Figure 5.40 FESEM BSD image of received Navy T-IO sample # 2, 200 x
magnifications, reference # IHM-BD-4-83.
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Mag:

200X

Figure 5.41 FESEM BSD image of received Navy T-IO sampl e # 2, 200x
magnification, Reference # lliM-BD-4-83.

5.2

Combustion Propagation Test Results

The focus of this bum test is to measure and evaluate the combustion propagation of
T-10 mixtures for the MAIM mixing process. The T-10 composition for the
propagation test is 96% BaCr04, 4% B.

Note this change in composition was

selected in order to be consistent with South Dakota School of Mines and Technology
prepared boron and barium chromate (T-IO) samples also used in the combustion
propagation tests. Each sample set was prepared and conditioned at the respective
temperatures for 2 hrs to unsure uniform temperature. The results for 70°F, and 200°
F, recorded burn rate variations within the allotted 5% maximum. However, the burn
rate variation at _65 ° F exceeded the maximum 5% by 2%. Table 5.2.1 show the burn
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rates for the each burn test sample set and tables 5.2.2 shows the calculated mean
burn rate and standard deviation. Two of the -65 ° F recorded burn rates (#3 and #7)
were outliers as they were much faster than the other eight burn rates for -65 ° F test.
This was thought to be due to the squibs (match) firing without detonation coupled
with prolonged exposure to room temperature (75 ° F for 2-4 minutes) to ensure
ignition of A-1A after detonation failed during firing. Elemental analysis of the
Navy's boron was conducted at SDSM&T by Dr. Puszynski, and it was found that the
Navy boron has a large content of surface oxygen ( 3wt %). Boron has approximately
4wt% oxygen in the bulk, which cannot be removed by washing. Having too much of
oxygen containing species on the surface affects the kinetics of the reaction and more
to the point the performance of T-10 which used this very boron. Also, consequently
you do not know exactly how much reactive boron is going into the mixture when
you are preparing the composition. Thus the boron was washed in methanol to
remove this oxide layer from the surface.

The burn test was conducted a second time with a new batch of MAIM T-10
sample using the washed boron (Table 5.2.3). The burn rate results immediately
showed that washing the boron had a significant improvement on the burn rate
coefficient of variations as shown in Table 5.2.4. Though the improvement was
significant in all three simulated temperature environments, the -65 ° F test still had a
coefficient greater than 5%, despite it exceeded it by only 0.36%. This suggest that
there is something systematic in the burn test preparation process that is responsible
for this particular temperature to consistently have a coefficient of variation greater
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than 5%. The Navy was consulted with regards to there results and it was found that
for the -65 ° F tests, there coefficient of variation was only slightly higher than the 70 °
F coefficient of variation. Thus an explanation is yet to be determined which explains
this phenomenon. One possible solution is to conduct the test at the Navy site where
they test the T-10 using their test equipment and test procedure. Still, the result are
encouraging and show that the MAIM process does produce a mixture which meets
falls within the performance requirements.

Table 5.1 Combustion Propagation Burn Test of Unwashed Boron And Barium
Chromate at 200 ° , 70 ° and -65 ° F
MAIM 200 ° F
#
1
2
3
4
5
6
7
8
9
10

IBR (s/in)
2.590
2.620
2.711
2.692
2.698
2.793
2.735
2.711
2.836
2.830

MAIM 70 ° F
IBR (s/in)
2.879
2.911
2.792
2.724
2.823
2.789
2.881
2.909
2.928
2.914

MAIM -65 ° F
IBR (s/in)
3.543
3.634
3.185
3.250
3.382
3.505
2.726
3.561
3.510
3.752

Table 5.2 Calculated Standard Deviation, Mean Inverse Burn Rate and Coefficient
of Variation for Combustion Burn Test of Unwashed Boron And
Barium Chromate at 200, 70 and -65 °F
200 ° F Burn Rate
Set Calculations
STDEV
0.081
Mean
2.722
CV
2.98%

70 ° F Burn Rate
Set Calculations
0.069
2.855
2.41%

-65 ° F Burn Rate
Set Calculations
0.293
3.405
8.60%
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Table 5.3 Combustion Propagation Burn Test of Washed Boron And Barium
Chromate at 200 ° , 70 ° and -65 °F

#
1
2
3
4
5
6
7
8
9

MAIM 200 ° F
IBR (s/in)
2.984
2.960
2.976
2.864
2.880
2.888
2.856
2.976
2.936

MAIM 70 ° F
IBR (s/in)
3.056
2.976
3.064
3.104
2.944
2.952
3.032
3.048
3.160

MAIM -65 ° F
IBR (s/in)
3.520
3.296
3.416
3.688
3.144
3.584
3.736
3.488
3.712
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2.904

3.080

3.496

Table 5.4 Calculated Standard Deviation, Mean Inverse Burn Rate and Coefficient
of Variation for Combustion Burn Test of Washed Boron And Barium
Chromate at 200, 70 and -65 ° F
200° F Burn Rate
Variations
STDEV
0.050
Mean
2.922
CV
1.70%

70 ° F Burn Rate
Variations
0.068
3.042
2.25%

-65 ° F Burn Rate
Variations
0.188
3.508
5.36%
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5.3

Energy Dispersive X-Ray (EDX) Results

The EDX analysis did not yield any useful quantitative characterization information
about the mixture composition throughout the mixture. Figure 5.42, is an elemental
spectra plot of the mixture, and from the plot there boron is not visible. Two factors
contribute to this: First, boron's energy signature is much lower than that of barium
and chromate; second, boron' s composition accounts for only 3% of the mixture by
weight.

Figure 5.42 Spectra analysis of boron and barium chromate

CHAPTER 6

CONCLUSION

The objective of this investigation was to improve the mixture homogeneity of Boron
and Barium Chromate, a delay composition called T-10, using a novel
environmentally friendly dry mixing technique, called the Magnetic Assisted
Impaction Mixing (MAIM). Those results have been also compared with two
additional mixing methods, ultra-sonic mixing and shaker mixing (dry and wet), were
used for comparative analysis. Characterization of the homogeneity was done using
the FESEM imaging to examine how well boron is effectively distributed throughout
the mixture. Detailed results provided valuable insight regarding the boron
distribution, both spatially and in terms of the size of the boron aggregates. The ultrasonic and shaker mixing results, particularly in the 5 and 10 minute mixing case,
produced poor mixtures. This poor mixing is clearly evident by the many segregated
areas of boron and minimal reduction of boron agglomerate size. It is critical,
particularly since boron accounts for only 3% of the mixture composition by weight,
that these large boron agglomerates be broken up such that there is no significantly
large size disparity between both mixture constituents' particles. By increasing the
mixing time to 20 minutes, the result was slightly better. Although the segregation
was reduced, the agglomerate sizes were still large. While one may argue that the
trend suggests that with increased time the results may become better, the
improvement was not significant and mixing for prolonged periods is not always
feasible and efficient. Thus based on the study, both the ultra-sonic and the shaker
52
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mixing processes are found to be not highly efficient or effective at achieving a high
level of mixedness as they failed to create a mixture with a significant reduction in
agglomerate size and a uniform size distribution of the constituents throughout the
mixture.
The samples from the magnetic assisted impaction mixing produced better
mixing results. This process has an intrinsic de-agglomeration capability, which
produced uniform mixtures in terms of size and distribution of the powder
constituents throughout the mixture (e.g. Figure's 5.30-5.34). The de-agglomeration
capacity of the MAIM enhances the mixing process as it continually breaks up the
agglomerates and prevents further formation and reformation of agglomerates during
the mixing process. Thus this process achieves better mixing by reducing both
powder constituents' agglomerates and making their size distribution relatively
uniform.
The combustion propagation test results, based on the 200 °F and the 70 °F
burn tests, show that T-10 mixed by MAIM meets the performance criterion. At the 65 °F burn test however, the mixture's performance was unacceptable. Analysis of the
boron showed an oxygen content of 7%, 3% in excess of boron's expected bulk
oxygen content of 4%. Conditioning the boron by washing it in methanol, removed
this surface layer of oxygen, leaving the boron's with the initial 4% bulk oxygen
content. The results of the conditioning improved all the MAIM mixture's
performance at all temperatures and thus suggests that performance is very sensitive
to material preparation. Furthermore, this suggests that at
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-65 ° F the MAIM performance failing to meet the criterion is not directly related to the
mixing effectiveness, but rather the material and sample preparation.
The advantages using this process include: no observed large agglomerates
within the mixtures; the process has minimal impact on the environment; it eliminates
the lengthy drying process; has a effective particle size distribution approximately
half that of the best Navy T-10 sample provided, eliminates all downstream process
associated with the current Navy solvent based mixing; offers the ability to scale up
with minimal fabrication and environmental issues, and the performance results are
comparable to those currently being used by the Navy. Figure 6.1 shows a summary
of the resulting particle size distribution plot of the received T-10 sample, and
includes the best case of each of the three mixing methods.

Figure 6.1 PSD of MAIM, ultrasonic, H-mix (20min) and received T-10 samples # 1
and 2

55
Notwithstanding these promising results, further characterization of the
mixing method to include preparation parameters associated with the procedure
should be further investigated. Such possible procedures could include initial
preparation of both Boron and BaCrO 4 using MAIM as de-agglomeration process
individually. Noting that particle size reduction was a significant result with the
MAIM is it plausible to speculate that another mixing method could yield better or
similar mixing results where particle size is initially smaller. Subsequently, without
further quantitative investigation only a qualitative conclusion can be drawn with
respect to the characterization of the MAIM process.

APPENDIX A
COMBUSTION PROPAGATION BURN TEST PROCEDURE

1.

Loading Cartridges

a.

The aluminum cylinder cartridges were weighed and the weight was
recorded.

Figu re 1. Aluminum cartridge.

b.

The T -10 was pressed into the one inch long 0.2 inch (inner) diameter
aluminum cylinders cartridges (0.488 inch outer diameter) with a press
at approximately 40 ksi, leaving about 0.5 millimeters at both ends of
the aluminum cylinders for the A-I A, weighed and recorded again.

Figure 2. Aluminum cartridge with T -10 pressed at 40 psi.

c.

A-I A was pressed into both empty ends of the aluminum cartridge,
weighed and recorded again.

S6
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Figure 3. Aluminum cartridge with T-IO and A-IA pressed at 40 psi.

2.

Assembly & Temperature treatment:
a.

The aluminum cylinders are then placed in an aluminum.

Figure 4 Aluminum cartridge holder assembly.
b.

They were thereafter placed in an oven for a minimum of 2 hours,
before being placed in aluminum cartridge holder firing apparatus (see
figure 5).

3.

Firing of T -10 delay system:
5.

Quickly removed from oven and place the aluminum cartridge holder
firing apparatus.
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Figure 5. Aluminum Firing Assembly

THE DC SUPPLY IS CONNECTED TO THE MK41GNITION SQUIB;
INITIATE THE DATA ACQUISITION SYSTEM AND DETONATE THE T-IO
SYSTEM.
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